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ABSTRACT A}/(7/

The formation of epitaxial deposits of Ge on heated substrates of

E-2087

CaF,, BaF,, Mg0, and SrMo0, has been investigated by reflection electron
diffraction at six different temperatures ranging from 410° to 920° c.
The effect of surface topography was élso studied by depositing the films
on both cleaved and polished Can substrates and on cleaved and etched
MgO substrates. True epitaxial growth of the Ge films on CaF2 substrates
was observed at temperatures of 590O C and sbove for the cleaved (111)
faces but only at 920° C for the polished (111) faces. Formation of
single crystal deposits on the polished surfaces was shown to be related
to the annealing of the substrate during deposition of the film. At all
other temperatures, polycrystalline or partially oriented deposits were
obtained. For the (111) cleavage plane of Ban, epitaxial growths with
pronounced [111] twinning formed only at 920° c. Only polycrystalline
films were obtained with MgO and SrMoO, substrates at all temperatures
employed.
INTRODUCTION
The conditions that influence the epitaxial growth of numerous thin

metallic and alkali halide films have been extensively investigated, and
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this work has been reviewed by Pashleyl and Sloopez. The conditions

under which epitaxial films of homopolar materiasls such as Ge and Si

may be deposited are not as well understood. No epitaxial growth has
been reported for Ge films on amorphous substrates3’4, but deposition

on Ge single crystals results in epitaxial growth at high tempere.tureSS-9
Deposition on crystalline substrates hag also been reported(by several
authors. Crystalline filmsare formed on NaCl and A1,0,19:11 at tem-

peratures above 380o C and show increasing orientation with increasing

temperature. The most successful effbrts to obtain epitaxial deposits

1b. W. Pashley, Advances in Phys. 5, 173-240 (1956).

2B. W. Sloope, Paper presented at the 1962 Thin Films Conference,
Glenwood Springs, Colo., Aug. 1962.

5J. E. Davey, J. Appl. Phys. 32, 877-80 (1961).

4J. W. Thornhill, and K. Lerk-Horovitz, Phys. Rev. 82, 762-3 (1951).

5S. A. Semiletov, Kristallografiya, 1, 542-5 (1956).

6G. A. Kurov, S.’A. Semiletov, and G. Pinsker, Sov. Phys.-
Crystallography, 2, 53.g (19517).

3. C. Marinace, I.B.M., J. Res. Dev. 4, 248-55 (1960).

80. Weinreich, G.~Dermit, and C: Tufts, J. Appl. Phys. 32, 1170-1
(1961).

9
M. Tekabayashi, J. Appl. Phys. (Japan), 1, 22 (1962).
10z, Hass, Phys. Rev. 72. 174 (1947).

11, E. Collins, and 0.S. Heavens, Proc. Phys. Soc. (B,) 65, 825-6

(1952).
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2,12,13

of Ge have been made using CaF, as the substrate Marucchi and

Nifontovi® obtained twinned single crystals of Ge on the (111) cleavage
plane of CaF, above 540° C. Nifontovl4 reports similar results. Via
and Thun15 obtained twinned and cracked films when deposits were formed
on cleavage faces of Can, but good crystals formed on polished surfaces.
The (100) surfaces gave films with lesser order.

Previous work in this laboratory16 observed the beginnings of single
crystal formation on mechanically polished (110) planes of Can at 915o C..
Lower temperatures gave lesser amounts of orientation. Sloope and Tillerlb
have reported that single crystal formation on cleaved Can depends on both
the temperature and the rate of deposition. Cleaved NaCl, NaF, and MgO
were also employed as substrates by these authors, but they were unable to
secure single crystals of Ge on any of these materials, although some
preferential orientation was observed with all.

The work described herein was undertaken in order to extend the knowl-

edge of the conditions necessary for the formation of epitaxial deposits

of Ge. The germanium films were deposited at a constant rate on four

18y, Marucchi, and N. Nifontoff, Compt. Rend. 249, 435-7 (1959).

;SB. W. Sloope, and C. O. Tiller, J. Appl. Phys. 33, 3458-63 (1962).

My, G. Nifontov, Akad. Nauk. S.S.S.R., Izvest. Ser. Fiz. 25, 651
(1961).

13, G. Via, and R. E., Thun, Trans. of VIII Vacuum Symposium and
Second Int. Congress, vol. II, 950-5 (1961).
16R. L. Schalla, L. H. Thailer, and A. E, Potter Jr., J. Appl. Phys.

33, 2554-5 (1962).
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substrates (CaFZ, BaFs, MgO, and SrMoO4) at temperatures ranging from
400° to 920° C.

The lattice parameters of the substrates and the percentage misfit®
for the Ge films are given in the following table:

TABLE I. - PERCENTAGE MISFIT OF BERMANIUM
FIIMS FOR VARIOUS SUBSTRATES.

Substrate] Lattice constants Percentage misfit
L | : | 8o Co

Ge | 5.66 ——— -——

Can ' 5.46 ——— +3.7

'BaFZ 6.20 -——- -8.7

MgO 4,21 — 434 .4

+5.,0 along [100] or [010]
SrMoO4 5.39 12.02
-5.8 along [001] (for two lattice units)

The effect of surface topography was studled by using both cleaved
and polished Can substrates and cleaved and etched MgO substrates.
Only cleaved surfaces were employed for Ban.
EXPERIMENTAL
The substrates employed were single crystal plates of CaFZ, MgO,
Ban, and SfMoO4. The fluorite plates, as supplied had been cleaved and

then polished mechanically on one side to a plate-glass surface. The

8The percentage misfit is defined by Pashleyl as 100(b-a)/a where
a and b are the corresponding network spacings in the substrate and

the overgrowth, respectively.




resulting orientation was checked by X-ray diffraction to assure that
the (111) plane was parallel to the surface. These polished CaF2
substrate plates were washed with acetone and distilled water prior to
use. The BaF, plates were also prepered by cleavage on the (111) plane.
Both cleaved and cut surfaces were employed with the MgO. For MgO, the
cleavage plane is (100); the (111) and (110) plates were prepared by
cutting, and all three planes were subsequently etched in boiling HSPO4
for 1 min. TFor the SrM004 the (100) plane was cut, polished, and an-
nealed at 1100° C until electron diffraction patterns showed sharp
Kikuchl lines. The orientation was also checked by X-ray diffraction.

The Ge films were prepared by vacuum evaporation in a conventional
bell jar at pressures ranging from lO'4 to lO-5 mm Hg. The rate of
evaporation of the Ge was constant at about 1500 K/min (or 25 z/sec).
The Ge was taken from an ingot of the material previously employedle.
It was evaporated from &.Ta boat onto the substrate plates, which in
turn were clipped to the underside of a Ta strip. Both the boat and
the strip were resistance heatec. The temperature of the strip was
measured by a thermocouple welded to the strip, and the temperature of
the substrate was assumed equal to that of the strip. Films approxi-
mately 3000 K thick were prepared at six different temperatures ranging
from 410° to 920° C on the fluorite substrates, from 590° to 920° C on
Ban, and from 590° to 920° C on MgO and at only one temperature
(920° C) for the SrMoO .

The crystalline nature of the films was studied by reflection

electron diffraction with an accelerating potential of 36 kv.
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RESULTS

The diffraction results obtained on the films formed st varying

temperatures and on the substrates employed are briefly given in table

IT.

Data previously obtained

cluded for reference.

16

for Ge on polished (110) Can is in-

TABLE II. - ELECTRON DIFFRACTION PATTERNS OF GERMANIUM FIIMS

Sub- Surface Substrate Temperature, °C
strate pattern o . .
920 790 700 590 500 410
CaF,, (111) | Kikuchi | Spots |Diffusg|Piffuse|Diffuse|Rings and|Diffuse
cleaved] lines spots spots spots diffuse rings
and i and and spots
twin- twin- twin-
ning ning ning
(111) } Amorphous [piffuse| Arcs Arcs |Diffuse| Diffuse |[=-=--=--
pol- spots | and rings rings
ished (dou- | spots
blets)
(110) | Amorphous [Piffuse|(760°C)| ---- [(575%)| (470° ¢) |----
pol- spots Rings -===- |Diffuse| Amorphous
ished and and rings
rings spots
BaF, (111) | Kikuchi |Spots | Ares | Arcs | Amor- | =e-eemmoe|amamea-
cleaved and phous
twin-
ning
MgO (111) | =m=mmme Rings | Rings | Rings | Rings | =====mmma |cmacaa-x
Etched
(110) | =-=eeam Rings | Arcs Rings |-===e=ea} c;memmme e e
Etched and and
Bpots aycs
(100) | Spots Rings | Rings | ---= |e=mecee| cmccmmcae e
Etched and cand
spots | arcs
(100) | m=mmmmm Rings | Rings f-==c=e=]emmmmoc| oo e —-
Cleaved and
e spots
SrMoO, | (100) | Kikuchi |Rings p----- g S B ] [ TuCouyey EYS.
An- Jdines
nealed :




A, The Effect of Lattice Constant and Surface
Configuration on Crystallinity
of Ge Films at 920° C

At 920o C,epitaxially grown films of Ge are formed on both cleaved
and polished (111) faces of Can (see fig. 1). The most perfect films
(those presenting a Laue pattern of sharp spots and showing only faint
evidence of twinning) were formed on the cleaved (111) faces. On the
polished faces, a Laue spot pattern was also obtained, but one with
rather irregular diffuse spots (some of which were doublets) indicating
that perhaps the film was of a mosaic type. In both cases, however,
the (111) plane of the Ge was parallel to the surface of the substrate,
vhich is also a (111) plane. The azimuth was [110]., The misfit in
this case is +3,7%, and this small amount does not appear to disturb the
crystallization of the Ge film.

A comparison of the results on cleaved and polished (111) faces of
CéF2 with those on polished (110) faces16 may be made to give some indi-
cation of the effect of the nature of the substrate on the type of film
deposited. On the polished faces, it was difficult to form epitaxial
deposits -~ with only those at 920° ¢ showing appreciable amounts of
single crystal formation. Thus the preferred plane for the fgrmation
of epitaxial deposits appears to be the (111), and a highly ordered sur-
face gives the best results.

For BaF,, single crystal Laue patterns were obtained (fig. 2(a)).

These included many satellite spots that could be interpreted as arising



-8 -

from multiple twinning within the film from the normal [111] axis. The
identification of the spot pattern (fig. 2(a)j and the source of the

/
satellites is indicated by the diagram in,ﬁﬁg. 3. . ©Since there is g
relatively large negative misfit of -8.7% between the lattice parameters
of Ban and Ge, it is possible that the strains introduced in trying to
match the substrate lattice may lead to substantial amounts of twinning
in the surface film.

Experiments were also performed on varying faces of the Mg0 substrate:
the cleaved (100) plane and the etched (100), (110), and (111) planes.
In none of these cases, was a good epitaxial deposit formed, although
some evidence of single crystals growing at the expense of the random
material was observed (fig. 4). The results on the cleavage plane (100)
are similar to those of Sloope and TillerlS. The large lattice misfit of
+34% probably precludes the formation of any true dpitaxial deposits.

e Dnly polycrystalline deposits formed on the STMo0, (fig. 2(v)).
Here the substrate lattice plane might be expected to match two units of
the Ge (100) plane. The misfit in the [010] direction is +5% and in the
[001] direction is -5.8% for 2 lattice units. This amount of misfit is
less than that of the Ban, but no true epitaxy developed in the film,
although it might have been expected. It may be possible that the large
size of the Mooi-ion hinders the migration of the Ge atoms and prevents

them from forming an ordered layer.



B. Effect of Temperature

Ge films deposited on cleaved CeF, at the lowest temperature, 410° c,
gave only diffuse rings indicating a polycrystalline deposit consisting
of very small crystallites. At 500° C, some single crystals had started
to form, as indicated by the spots superimposed on the ring pattern (fig,
5(c)). At 590° C and above, single crystal depesits were obtained. Con-
siderable twinning was observed at 5900 C and this decreased in amount
until it had nearly vanished at 920° ¢ (figs. 5(a)-(c)). In all cases,
the (111) plane of the Ge was parallel to that of the substrate, and
the azimuth was [110].

With polished (111) Can substrates, increasing order was observed
with increasing temperature until epitaxial deposits were obtained at
the highest temperature, 920° C (figs. £(d)-(f)). A consideration of
the nature of the substrate surface may help to explain the difference
between these two sets of samples. Examination of the cleaved substrate
by the electron diffraction indicated a highly crystalline surface, which
gave Kikuchi line patterns. For the polished (111) surface, only patterns
indicating an amorphous layer were obtained. Since the substrate itself
lacks order, it is not surprising to find that the Ge films fail to form
the desired single crystals. This, however, does not explain the fact
that some order does occur at the highest temperatures., A sample of
polished CaF, substrate was therefore placed in the evaporating unit
and held at a temperature of 920O C for 10 min, thus approximating the

conditions under which the Ge film is deposited. Flectron diffraction
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pictures of this heated sample were then taken and showed that consid-
erable annealing had resulted, even in this short period. The plate
showed that a strong spot pattern developed, that was superimposed on
sharply defined rings. Thus 1t is not surprising that an improvement
in the degree of crystallinity of a deposited Ge film should result.
The appearance of arcs in the Ge layers at 700° ¢ suggests that some
annealing of the substrate surface may occur even at this low temper-
ature.

Additional annealing of the polished CaF2 for 1 hr at 1025° C
resulted in increased order of the substrate surface, The electron
diffraction pattern showed strong Laue spots and traces of Kikuchi
lines. A Ge film deposited on this annealed substrate at 700° ¢
showed a strong Laue spot pattern, including twinning superimposed on
a background of faigper.rings. This is an improvement over the polished
sample at 700° C, but it is not as good as the film prepared on the
cleaved substrate at the same temperature.

Films deposited on cleaved (111) Ban substrates are amorphous at
590O C, but they show increasing amounts of orientation at 700° and 790° C
and become single crystals at 920° (see fig. 6). At the highest temper-
ature, large amounts of twinning are observed. This twinning was previously
discussed in section A. The lattice misfit in this case is -8.7%, and
it clearly hinders the formation of an epitaxial layer, since sucp layers
begin to- form on the cleaved CaFy; at temperatures as low as 500° C.

With Mgl, no epitaxial layer was formed at any of the temperatures
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employed (see fig. 7.). Here again, the very large misfit of +34% in the
lattice parameters is probably responsible.
SUMMARY

True epitaxial growth of Ge films on the cleaved (111) faces of
CaF2 substrates have been achieved at temperatures of 590° ¢ and above
and at 920° C on cleaved (111) faces of BaFZ. At lower temperatures,
polycrystalline and partially oriented layers have been obtained.

On the smoothly polished (111) face of Can, single crystal patterns
of poor quality were obtained at 920o C, but these were shown to be
related to the partial annealing of the substrate at the highest temper-
ature. It appears that no epitaxial deposit will form on a polished
(amorphous ) Ca_F2 surface.

In the case of MgO substrates, polycrystalline films were obtained
at all temperatures for etched (111), (110), and (100) planes and cleaved
(100) plenes of the substrate., It appears that a misfit of +34% is too

great to allow the formation of epitaxial deposits.

For SrMoO4, only polycrystalline films were obtalned at 920° c.
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FIG. 1. Bffect of surface configuration on Ge films deposited on CaF2
substrates at 920° C.

(a) &1eaved (111).

(b) Polished (111).
FIG. 2. Effect of surface configuration on Ge films deposited at 920° c.

(a) BaF2 (111).

(b) SrMoo, (100).
FIG. 3. Ge on cleaved (111) face of BeF, at 920° C (Tdentification
of pattern in fig. 2(a)).
FIG. 4. Effect of surface configuration on Ge films deposited on MgO
substrates at 920° C.

(a) Etched (110).

(b) Etched (111).

(e¢) Jtchea (100)

(a) Cleavéd (100).
FIG. 5. Effect of substrate temperature on the deposition of Ge films
on Canrsubstrates.

(a) Cleaved (111) at 920° C.

(b) Cleaved (111) at 700° ¢,

(¢) Cleaved (111) at 500° C.

() Polished (111) at 920°C.

(e) Polished (111) at 700° C.

[¢]
(f) Polished (111) at 500 C.
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FIG. 6. Effect of substrate temperature on the deposition of Ge films
on BaF, (111).

(a) 920° C.

(b) 700° c.
FIG. 7. Effect of substrate temperature on the deposition of Ge films
on Mg0O substrates.

(a) Etched (111) at 920° C.

(b) Etched (111) at 700° C.

(c) Etched (110) at 920° ¢.

(d) Btched (110) at 700° C.
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